Abstract Purpose: To determine if hyaluronan oligomers (o-HA) antagonize the malignant properties of glioma cells and treatment-resistant glioma side population (SP) cells in vitro and in vivo. Experimental Design: A single intratumoral injection of o-HA was given to rats bearing spinal cord gliomas 7 days after engraftment of C6 glioma cells. At 14 days, spinal cords were evaluated for tumor size, invasive patterns, proliferation, apoptosis, activation of Akt, and BCRP expression. C6SP were isolated by fluorescence-activated cell sorting and tested for the effects of o-HA on BCRP expression, activation of Akt and epidermal growth factor receptor, drug resistance, and glioma growth in vivo. Results: o-HA treatment decreased tumor cell proliferation, increased apoptosis, and downregulated activation of Akt and the expression of BCRP. o-HA treatment of C6SP inhibited activation of epidermal growth factor receptor and Akt, decreased BCRP expression, and increased methotrexate cytotoxicity. In vivo, o-HA also suppressed the growth of gliomas that formed after engraftment of C6 or BCRP+ C6SP cells, although most C6SP cells lost their expression of BCRP when grown in vivo. Interestingly, the spinal cord gliomas contained many BCRP+ cells that were not C6 or C6SP cells but that expressed nestin and/or CD45; o-HA treatment significantly decreased the recruitment of these BCRP+ progenitor cells into the engrafted gliomas. Conclusions: o-HA suppress glioma growth in vivo by enhancing apoptosis, down-regulating key cell survival mechanisms, and possibly by decreasing recruitment of host-derived BCRP+ progenitor cells. Thus, o-HA hold promise as a new biological therapy to inhibit HA-mediated malignant mechanisms in glioma cells and treatment-resistant glioma stem cells.
Malignant gliomas are common central nervous system (CNS)
tumors, and regrettably, the most aggressive subtype glioblastoma multiforme makes up >50% of newly diagnosed cases. Glioblastoma multiforme cells progressively and irreversibly infiltrate the normal CNS, and tumors are highly resistant to radiotherapy and chemotherapy. The infiltration of the brain or spinal cord by malignant gliomas is pathologically evident by the juxtaposition of normal cellular elements with relatively isolated tumor cells at the periphery of the glioma in white matter tracts, around neurons, and under the pia (so-called Sherer's structures).
Glioma cell interactions with the extracellular matrix facilitate their invasiveness and dispersal throughout the CNS. In contrast to most other tissues, the CNS extracellular matrix is organized by interactions of its components with hyaluronan (HA; refs. 1 -3), a large, linear glycosaminoglycan that is especially concentrated in regions of high cell division and invasion. Moreover, HA expression and signaling are elevated in the matrices of many tumor types, including gliomas (4) . Glioma cells produce matrix that is highly enriched in HA (5, 6) , and these cells express high levels of the HA receptors CD44 and receptor for HA-mediated motility (7 -9) .
Numerous studies have shown that HA receptor interactions are important for glioma invasiveness (10 -14) . Specifically, we showed that antagonists of constitutive HA interactions strongly inhibit the invasiveness of several glioma cell lines in vitro (15) . For example, small HA oligosaccharides (o-HA) that inhibit attachment of the intact multivalent HA polymer to its receptor CD44 reduce invasiveness by down-regulating key signaling receptor tyrosine kinases (RTK), including epidermal growth factor receptor (EGFR) and c-MET, which are important in glioma invasiveness (16, 17) . o-HA down-regulate the activities of the phosphoinositide 3-kinase/Akt pathway (15, 18) , which may mediate radioresistance (19) . They also reduce chemoresistance and expression of drug efflux transporters that contribute to chemotherapy resistance (20, 21) ; these transporters are enriched in cancer stem cells (22) . Therefore, HA antagonists, such as o-HA that target the signaling processes HA supports or initiates, may prove beneficial therapeutically.
Recent work has emphasized the potential role of cancer stem -like cells in malignancy and resistance to therapy in a variety of cancers. These cells have been variously named cancer stem cells, cancer progenitor cells, and tumor-initiating cells. They are highly malignant in that a very small number can rapidly regenerate a fully grown tumor when implanted in an animal host (23 -25) . They are also resistant to various therapeutic treatments and may be central to tumor recurrence (22) . The exact nature of these tumor subpopulations is controversial, especially with respect to their precise relationship to stem cells (25) , but the presence of highly malignant, therapyresistant subpopulations within human tumors is reasonably well established. Expression of the HA receptor CD44 is frequently associated with these stem-like cells (23) but, although HA facilitates hematopoietic stem cell migration and homing (26, 27) , very little is known about the relationship of HA to cancer stem cell or glioma progenitor cell behavior. Therefore, we have begun to investigate the relationship of HA-CD44 interaction to the properties of cancer progenitor cells. Because we are particularly interested in the role of HA in resistance to therapy, we have focused herein on its relationship to the ABC family drug transporter BCRP/ABCG2, because this transporter has been associated with drug resistance in cancer progenitor cells and is the molecular basis of progenitor cell enrichment within the so-called side population (SP) obtained by Hoechst dye exclusion in fluorescence-activated cell sorting (FACS) of cancer cells (28, 29) .
Accordingly, we sought to determine if abrogating HA-CD44 interactions with o-HA effectively suppressed malignant properties of glioma and glioma progenitor cells in vitro and in a spinal cord model of invasive glioma that replicates invasive behaviors of human gliomas in the CNS. The data show that o-HA hold great promise for development as a novel biological therapy for the treatment of malignant CNS tumors.
Materials and Methods
Chemicals. Methotrexate was purchased from Tocris. Verapamil was provided by Dr. Lindsay Devane at the Medical University of South Carolina. All other reagents were purchased from Fisher Scientific, unless otherwise specified.
Cell culture. C6/lacZ7 rat glioma cells were obtained from the American Type Culture Collection. Cells were routinely cultured in DMEM supplemented with F12 (DMEM/F12, 50:50) with 10% fetal bovine serum and 1% penicillin/streptomycin. Expression of hgalactosidase was confirmed by immunostaining with h-galactosidase antibody (1:100; Cortex Biochem).
o-HA. Highly purified o-HA were fractionated from testicular hyaluronidase digests of HA polymer by tangential flow filtration, as described previously (30) , and were donated by Anika Therapeutics, Inc. The average molecular weight of these oligomers was f2.5 Â 10 3 (f3 to 10 disaccharide units). The oligomers were analyzed by highperformance liquid chromatography and capillary electrophoresis, and no contaminants were detected. Specific analyses for other glycosaminoglycans, protein, nucleic acids, and endotoxins were negative.
Flow cytometry. To identify and isolate SP cells in C6 glioblastoma cultures, cells were cultured in DMEM/F12 with 10% fetal bovine serum. After a well-established method for isolation of SP cells (31, 32) , we labeled the cells at 37jC for 90 min with 2.5 Ag/mL Hoechst 33342 dye (Molecular Probes, Invitrogen) and counterstained with 1 Ag/mL propidium iodide to label dead cells. Cells were analyzed by FACS (MoFlo High Performance Cell Sorter by Dako Cytomation) using dual-wavelength analysis (blue, 424-444 nm; red, 675 nm) after excitation with 350-nm UV light. Propidium iodide -positive dead cells (<15%) were excluded from the analysis. Cells were collected from the SP, which efflux Hoechst dye, and from the non-SP cells, which retain the dye. Gates were set based on inhibition of Hoechst dye efflux by the ABC transporter inhibitor verapamil.
Culture of SP and non-SP cells. Cells were maintained in serum-free medium containing N1 supplement (Sigma-Aldrich) and growth factors for neural stem cell survival. Media were supplemented with additional growth factors, such as platelet-derived growth factor, basic fibroblast growth factor (32) , and epidermal growth factor (33) , all obtained from BD Biosciences. Cells were sequentially transferred from 96-well plates to 24-well plates to 25 mm 3 flasks to 75 mm 3 flasks. SP cells were grown in suspension, forming sphere-like clusters even at low density. Upon exposure to 10% serum-containing medium, SP cells become adherent and took on a fibroblast-type morphology. For this reason, cells were maintained under serum-free conditions throughout subsequent experiments.
Morphology and demonstration of multipotency by immunostaining of cultured cells for neural, and glial-specific markers. The morphology of SP and non-SP cells was examined using phase contrast microscopy. The cells were cultured overnight in LabTEK II CC2 chamber slides. To show the neuroglial multipotency of the SP, the expression of neuronal and glial markers in Western blot analysis. C6 cells were grown in six-well plates. Approximately, 10 5 cells were plated in DMEM/F12 in each well. After 48 h, o-HA (100 Ag/mL in PBS) or PBS alone was added to the cells. After another 24 h, the cells were collected, lysed, and analyzed by SDS-PAGE and Western blotting using a BCRP-specific antibody (1:1,000; mouse monoclonal BXP21, Kamiya Biomed). Horseradish peroxidaselinked goat anti-mouse antibodies were purchased from Amersham Biosciences. Bands were revealed by Chemoluminescence Reagent Plus (PerkinElmer Life Sciences, Inc.), and protein sizes were estimated with size markers. Intensity of the bands was quantified by densitometry. Immunoreactive bands were quantified by densitometry and normalized to h-actin expression using a mouse monoclonal antibody (Ambion, Inc.).
RTKs and activation of downstream effector molecules (pAkt, pEGFR, and BCRP). C6 and the stem cell-like SP (C6SP) were analyzed by immunocytochemistry for BCRP expression, Akt activation (1:100; phosphorylated Akt 1/2/3 rabbit polyclonal; Santa Cruz Biotech), and EGFR activation (1:100; mouse monoclonal phosphorylated EGFR; Upstate). Rat spinal cord glioma engraftment. All surgical procedures met Institutional Animal Care and Use Committee approval. Details of these procedures were previously published (34) . Sprague-Dawley rats (200 g) were anesthetized with a measured dose of xylazine/ketamine, and the spinous process of the T10 vertebra was removed via laminectomy to expose the spinal cord. The rats were mounted on a rodent spinal unit (Kopf Instruments), and the vertebral column was stabilized with spikes positioned onto vertebra T9. The C6/lacz7 or C6SP/lacz7 cell suspension (2 Â 10 7 cells/mL) was drawn into a 5-AL Hamilton syringe with a 33-gauge needle, and 0.1 AL of media was drawn up to clear cells from the tip of the needle. In addition, microgranular charcoal was added to the cell suspension to mark the site of injection. The syringe was mounted on an electromotive micromanipulator (Eppendorf) with the needle positioned 0.3 mm lateral to the dorsal medial sulcus. The needle was driven through scored dura to a depth of 1 mm within the spinal cord, and then 1.1 AL (20,000 cells) were incrementally injected over 2 min. The injection volume was allowed to equilibrate for an additional 2 min before the needle was withdrawn, and the wound was filled with gelfoam (Upjohn Co.) and sutured. Animals were monitored daily for signs of motor impairment or significant neurologic morbidity. Some animals were sacrificed after 7 d to assess tumor growth, whereas others were placed in treatment groups and kept for 7 d more, for a total of 14 d postengraftment of C6 glioma cells. Similar studies were done with C6SP cells isolated by FACS.
o-HA administration. Seven days after tumor engraftment, 1 AL of PBS (vehicle) or o-HA (100 ng, 250 ng, 1 Ag, or 5 Ag) was injected into the area where the tumor was established. Tumors were then allowed to progress an additional 7 d posttreatment. Each group consisted of five rats.
Immunohistochemistry. Host animal spinal cord tissue (f5 cm in length) was fixed in 4% paraformaldehyde and embedded in paraffin. Longitudinal sections were cut at 5 Am for immunohistochemical analysis. Sections were analyzed by routine histologic methods, such as H&E staining and Luxol fast blue stain for myelin. Deparaffinized tissue sections were subjected to an antigen unmasking protocol with citrate buffer (Vector Labs). Nonspecific antibody binding was blocked by incubating sections in TBS containing 5% normal goat serum and 3% bovine serum albumin (blocking buffer) for 1 h. h-Galactosidase antibody (1:100; Cortex Biochem) was used to identify lacZ-expressing C6 tumor cells. Ki67 (1:50) antibody was obtained from Vector Labs. A phosphorylated Akt 1/2/3 rabbit polyclonal antibody (1:50; Santa Cruz Biotech) was used to detect activated forms of Akt. BCRP staining was done with a BCRP-specific antibody (1:50; mouse monoclonal IgG2a clone BXP-21; Kamiya Biomedical Company). Nestin was detected with anti-nestin mouse monoclonal (1:100; Chemicon) or anti-nestin rabbit polyclonal (1:100; Abcam). CD45 (1:50) mouse monoclonal was obtained from Santa Cruz Biotech. Primary antibodies were diluted in blocking buffer and applied to sections overnight at 4jC. Controls included replacement of primary antibodies with surrogate immunoglobulins or no primary antibody. Slides were washed 3 Â 5 min in TBS with 0.05% Tween 20. Bound primary antibody was detected with fluorophore-conjugated secondary antibody (AlexaFluor 488 and 555; Molecular Probes, Invitrogen) at a concentration of 10 Ag/mL diluted in blocking solution for 1 h at room temperature. Slides were washed 3 Â 5 min in TBS with 0.05% Tween 20. In the last wash, Hoechst nuclear stain was added at 1:20,000 in PBS, followed by an additional wash for 5 min in distilled water. For double labeling, the second primary antibody was added before incubation with fluorescently labeled secondary antibodies. Slides were mounted with GelMount mounting medium under no. 1 coverslips.
Determination of tumor size. Spinal cords were sectioned, and every tenth section was stained with H&E with adjacent sections stained for h-galactosidase to identify tumor cells. The area of widest dimension of the tumor was measured in millimeters using DP Controller software.
Image analysis. Slides were analyzed using light microscopy or epifluorescence using an Olympus BX-60 research microscope. Images were acquired using a 12.5-megapixel cooled digital color camera (DP70; Olympus) and DP Controller software. Image processing and compilation were done using Adobe Photoshop CS2 Software (Adobe Systems, Inc.). Minimal adjustments to image brightness, contrast, and levels were made on intact figures to enhance image clarity.
TdT-mediated dUTP nick-end labeling staining. The ApopTag peroxidase in situ apoptosis detection kit (Chemicon) was used to detect apoptotic cells in situ by labeling and detecting DNA strand breaks by the TdT-mediated dUTP nick-end labeling method.
Cell survival assay. To measure drug resistance, cells were grown in complete media in 96-well plates (1 Â 10 5 cells per well). Twenty-four hours after cells were seeded, methotrexate was added (0-100 Amol/L) in the presence and absence of o-HA (100 Ag/mL). To assess cell viability, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was done at 24-h intervals according to the manufacturer's instructions (Chemicon). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay is based on the cleavage of tetrazolium salt by mitochondrial dehydrogenase in viable cells, yielding a dark blue formazan product. The absorbance of viable cells was measured in a microplate reader with a test wavelength of 570 nm and a reference wavelength of 630 nm. Results were expressed as a percentage of the absorbance exhibited by the control (untreated) wells.
Results
Effects of o-HA on pathogenesis of C6 gliomas in vivo C6 glioma cells were reproducibly engrafted into the rat spinal cord and invaded in a rostrocaudal fashion. The engrafted C6 tumors shared many histologic features of invasive human gliomas, including invasion along white matter tracts, perineuronal satelliting, and subpial extension (Fig. 1A) .
To determine whether o-HA has overt toxic effects, spinal cords without tumors were injected with 1 Ag of o-HA in PBS or with PBS alone and examined 72 hours after o-HA administration. These cords did not show evidence of T cell or macrophage infiltration or microglial activation. There was a mild gliotic response after o-HA injection, but this was similar to that seen after injection with PBS alone. Rats injected with o-HA did not show weight loss, impaired mobility, or evidence of paralysis (data not shown).
The effects of o-HA on growth and invasion of C6 glioma cells were assessed by injecting rat spinal cords with lacZexpressing C6 glioma cells (confirmed in vitro by immunostaining with h-galactosidase antibody with 99-100% of cells staining positive; data not shown) and allowing the cells to grow for 7 days. At this stage, tumors of f2 mm in size had formed (Fig. 1B and D) . These tumors were treated on day 7 with o-HA (100-1,000 ng in 1 AL PBS) or with PBS alone (1 AL) via injection into the epicenter of the tumor. In the PBS controls, additional tumor growth and infiltration along the spinal cord was evident by 14 days after engraftment (Fig. 1B  and C) . However, treatment with o-HA significantly decreased tumor growth (Fig. 1B-D) , and tumors treated with o-HA showed little evidence of invasion beyond the site of engraftment, as detected by h-galactosidase immunohistochemistry (Fig. 1B) . Results from various concentrations of o-HA are summarized on the graph (Fig. 1D) .
In addition to analyzing the effects of o-HA on tumor growth, we assessed the effects of o-HA on cell proliferation, apoptosis, and signaling. We found that Ki67 immunostaining, a measure of cell proliferation, was almost totally inhibited in residual tumors after treatment with o-HA compared with PBS controls (Fig. 2) . Furthermore, TdT-mediated dUTP nick-end labeling staining, a measure of apoptosis, was increased in o-HA -treated tumors compared with PBS controls (Fig. 2) . o-HA had no apparent effect on CD44 expression (data not shown), although it decreased activation and nuclear localization of Akt (Fig. 3) and reduced the number of BCRP-positive cells around vessels within the tumor (Fig. 4A) . Interestingly, few BCRP-expressing cells seemed to be C6 glioma cells, as immunostaining of BCRP often did not correspond to hgalactosidase expression by the C6 cells (Fig. 4B) . However, many BCRP+ cells coexpressed nestin (Fig. 4B) , a marker of (35) . Lack of staining for h-galactosidase and GFAP, a marker of activated astrocytes, showed that cells surrounding the vessels were not reactive astrocytes. Additionally, some cells surrounding the vessels were also positive for CD45, which suggests they may represent hematopoietic-derived cells (Fig. 4B) .
Isolation and characterization of C6SP cells. Because BCRP+ cells were largely absent in vivo after treatment of C6 gliomas with o-HA, we isolated and characterized an SP from C6 glioma cells that express high levels of BCRP. The C6 cells were labeled with Hoechst dye, counterstained with propidium iodide to label dead cells, and then sorted by FACS. Cells with functional BCRP are able to efflux Hoechst dye. An SP of 0.74% was detected (Fig. 5A) . This was reduced to 0.01% by treatment with verapamil, which inhibits ABC transporters, such as BCRP. Sorted cells were collected and expanded in serum-free neurosphere-inducing conditions, as previously described (32) . The C6 total population was also analyzed by FACS for CD133, a marker for glioma progenitors, and yielded a subpopulation of 2% (data not shown). Sorted C6SP cells showed increased immunostaining for both CD133 and BCRP compared with the C6 non-SP (Fig. 5B) . In the C6SP, BCRP seemed to be localized to the cell membrane, whereas in C6 non-SP, the staining pattern for BCRP indicated a cytoplasmic arrangement.
A previous report suggested that C6 glioma SP cells are multipotent (32) . To confirm this, SP cells were grown in chamber slides for 7 days to promote differentiation of progenitor cells. After incubation, slides were stained with cell-specific markers for glia (GFAP), progenitor cells (nestin), and neurons (Tuj1 and microtubule-associated protein 2) and found to be positive for these markers (Fig. 5C) . Also, as reported previously (32), C6SP were found to be highly tumorigenic, in that as few as 2,000 C6SP cells were able to grow and invade the rat spinal cord (Fig. 5D ), whereas injection of 2,000 C6 non-SP failed to produce invasive gliomas (data not shown). Therefore, the C6SP cells isolated in this study are similar to SP cells isolated by others from the C6 glioma cell line (32) .
Effects of o-HA on properties of C6SP cells. To assess the effects of o-HA on BCRP expression, the C6SP cells were cultured under serum-free conditions and treated with 100 Ag/ mL o-HA for 24 hours. After incubation, cell lysates were prepared, and immunoblots were done using BCRP-specific antibodies. C6SP expressed more BCRP than the C6 total population (Fig. 6A) . Pretreatment of cells with 100 Ag/mL o-HA for 1 hour reduced expression of BCRP in the C6SP cells. A similar decrease in BCRP was observed by immunofluorescence staining for BCRP (Fig. 6B ). In addition, C6SP expressed more activated Akt (pAkt) than the C6 total population (C6) and pretreatment with o-HA for 1 hour reduced activation of Akt and EGFR in the C6SP cells (Fig. 6B) . To assess the effect of o-HA treatment on the function of BCRP, we tested C6 and C6SP cells for resistance to methotrexate, a drug that is effluxed by BCRP, as well as other ABC transporters. As shown in Fig. 6C (left), C6SP cells were 1,000-fold more resistant to methotrexate than C6 parental cells. Survival of C6SP glioma cells was decreased by treating cells with o-HA (100 Ag/mL for 24 hours; Fig. 6C, right) .
Finally, we showed that treatment of highly resistant C6SP tumors in vivo with o-HA (5 Ag single intratumoral injection) significantly reduced tumor size compared with PBS-treated animals (Fig. 6D) . In tumors generated from C6SP cells, some (Fig. 4A) . However, the majority of the h-galactosidase -positive tumor cells were weakly positive for BCRP, suggesting that the SP cells had undergone differentiation in the tumor.
Discussion
We have shown that the growth of malignant gliomas is suppressed by antagonizing constitutive HA-CD44 interactions with o-HA. o-HA promote apoptosis in glioma cells, whereas abrogating recruitment of host-derived nestin+/CD45+/BCRP+ progenitor-like cells. Our data also show that o-HA suppress Akt and EGFR activation, as well as expression of BCRP, a marker of drug-resistant glioma progenitor cells.
Various animal models of malignant gliomas have been used, ranging from engraftment of rodent and human cell lines into the CNS to use of orthotopic human glioblastoma xenografts and genetic mouse models, among others. Glioma cells engrafted into the rat spinal cord, unlike those engrafted into the brain, show patterns of dispersal that strongly resemble malignant human gliomas, including invasion of Sherer's structures: white matter, subpial, and HA-rich perineuronal nets. Although spinal cord gliomas account for <10% of CNS gliomas, our animal model provides an effective way to focus on the effects of HA antagonism on malignant glioma growth and in PBS-treated animals were localized surrounding vessels (v) and did not double label with h-galactosidase (red), suggesting that they were not tumor cells. In tumors generated from C6SP cells, some BCRP-positive cells (green) persisted in PBS-treated animals (C6SP + PBS) that were also positive for h-galactosidase (red); colocalization was seen as yellow. However, the majority of the h-galactosidase^positive tumor cells were weakly positive for BCRP, suggesting that the C6SP cells had undergone differentiation in the tumor. Treatment of C6SP tumors with o-HA (C6SP + o-HA) reduced this BCRP+/h-galactosidase+ fraction of cells. B, C6 tumor sections were immunostained for h-galactosidase, BCRP, nestin, GFAP, and CD45. Left hand column shows merged staining of Hoechst and h-galactosidase. Colabeling (yellow) occurs with nestin (green) and h-galactosidase (red) and nestin (red) and BCRP (green), whereas BCRP (green) and h-galactosidase (red) do not overlap to a large extent. Cells surrounding vessels that are h-galactosidase negative do not label with GFAP (green), a marker of astrocytes, but do label with CD45 (green), a marker of cells of hematopoietic origin. This suggests that most BCRP-positive cells are not tumor cells, as they do not express h-galactosidase and may be cells recruited to the tumor from host tissue. Arrows point to specific areas of interest. Many studies have focused on signal transduction pathways and specific RTKs as targets for development of novel therapeutic agents. Although targeted RTK inhibitors have been developed for the treatment of solid tumors, including gliomas (36), it seems clear that multiple pathways will need to be targeted to maximally suppress glioma cell proliferation, especially in subpopulations of glioma progenitor cells enriched for BCRP and other drug transporters that efflux RTK inhibitors (22, 37 -40) . Because disrupting HA interactions by treatment of tumor cells with o-HA has been shown to inhibit activation of multiple RTKs (17) and expression of ABC family drug transporters (21), we tested their efficacy in glioma cells and BCRP-enriched glioma progenitor cells. As expected, we found that the o-HA inhibited activation of EGFR and Akt, effects which are most likely responsible for their suppression of glioma growth and promotion of apoptosis in vivo. In addition, o-HA down-regulated BCRP expression in drug-resistant and multipotent glioma progenitor cells. Thus, our results indicate that HA interactions are crucial to maintaining both tumorigenicity and stem cell -like features in cancer cells.
Evidence has been published showing that BCRP localization (and therefore function) is regulated by Akt activation (41) . As expected from our previous studies demonstrating that o-HA down-regulate the activity of the phosphoinositide 3-kinase/ Akt pathway (15, 18) and consequently reduce expression of drug efflux transporters (21), we found here that o-HA treatment of BCRP-enriched C6 glioma cells inhibits activation of Akt and that decreased Akt activation is associated with decreased BCRP expression (Fig. 6) . Thus, we speculate that Akt activation may be involved in regulation of BCRP in glioma progenitor cells and that HA regulates these activities, which may otherwise confer resistance of glioma stem cell -like populations to chemotherapy. Further studies will be needed to confirm these findings and delineate the pathways involved. Defining these HA/CD44-dependent signaling pathways in radiation-resistant and drug-resistant glioma stem cell -like populations is important because HA antagonism may amplify the benefits of current therapies. o-HA may enhance cytotoxicity of various chemotherapy agents and RTK inhibitors by decreasing ABC transporter -mediated cellular efflux. Because Akt activation is linked to radioresistance in rodent and human glioblastomas (42, 43) and because Akt activation is suppressed by o-HA in vitro and after a single injection of o-HA treatment of gliomas in vivo, we believe o-HA may also potentiate the therapeutic effects of radiation.
One of our most interesting observations from studying gliomas in vivo is their infiltration by nonglioma (h-galactosidase negative) BCRP+ cells, concentrated primarily around blood vessels within the tumor. At least some of these cells coexpress nestin or CD45 and thus may be progenitor cells. Their predilection for vessels contained in the gliomas suggest they could represent pericytes or endothelial progenitors (44) . Glioma-secreted SDF-1/CXCL12 has recently been implicated in the vasculogenesis process (45) . It is also interesting to note that HA-CD44 interactions enhance secretion of SDF-1 and vascular endothelial growth factor, glioma-secreted mediators of vasculogenesis (27) . In the developing spinal cord, SDF-1 may function through a CXCR4/extracellular signalregulated kinase/Ets-linked signaling pathway to modulate migration of nestin + neural progenitor cells (46) . Gliomasynthesized factors, such as SDF-1, vascular endothelial growth factor, and other chemokines factors, probably attract CNSderived or marrow-derived cells toward the glioma. Thus, glioma-derived HA not only increases key cellular signaling pathways that mediate malignant behaviors in autocrine fashion, but also likely enhances recruitment of neural and extraneural cellular elements that promote tumor growth and invasion in the CNS.
Our findings have implications for therapeutic development and refinement of HA antagonism with HA oligomers. We have shown that glioma cell proliferation, invasiveness, and treatment resistance are influenced by the autocrine action of HA-CD44 interaction on key RTKs, such as EGFR and c-MET, on downstream cell survival activities, such as Akt, and on the ABC family of drug efflux transporters. Our data also show that BCRP-rich C6SP are multipotent, invasive in vitro and in vivo, and highly resistant, due in part to BCRP efflux of chemotherapeutic drugs. Importantly, from a therapeutic perspective, o-HA inhibited activation of EGFR and Akt and expression of BCRP in C6SP. In addition, treatment of cells with o-HA decreased the in vitro survival of C6SP after exposure to methotrexate. Taken together, our findings suggest that HA antagonism may effectively abrogate activation of multiple signaling pathways in glioma cells and in subpopulations of glioma progenitors, which may well account for high rates of tumor recurrence after radiation therapy and chemotherapy.
